Inverse gas chromatography (IGC) was applied to characterize the surface of kaolinite. The adsorption thermodynamic parameters (the standard enthalpy (ΔH 0 ), entropy (ΔS 0 ) and free energy of adsorption (ΔG 0 ), the dispersive component of the surface energy (γ d S ), and the acid/base character of kaolinite surface were estimated by using the retention time of different non-polar and polar probes at infinite dilution region. The specific free energy of adsorption (ΔG sp ), the specific enthalpy of adsorption (ΔH sp ), and the specific entropy of adsorption (ΔS sp ) of polar probes on kaolinite were determined.
INTRODUCTION
Clays have been used as promising low-cost adsorbents. Clays are layered aluminosilicate minerals and form important components of soil and sedimentary rocks (Almeida et al. ) . Kaolin clays should modify the cracking catalyst properties. Kaolin clays include kaolin-group minerals, of which the most common are kaolinite and dickite, differing only in the layer stacking. Kaolinite, Al 2 Si 2 O 5 (OH) 4 , is the most abundant phyllosilicate mineral in highly weathered soils. It is a 1:1 aluminosilicate comprising a tetrahedral silica sheet bonded to an octahedral sheet through the sharing of oxygen atoms between silicon and aluminum atoms in adjacent sheets. Successive 1:1 layers are held together by hydrogen bonding of adjacent silica and alumina layers.
The tetrahedral sheet carries a small permanent negative charge due to isomorphous substitution of Si 4þ by Al 3þ , leaving a single-negative charge for each substitution. Both the octahedral sheet and the crystal edges have a pH-dependent variable charge caused by protonation and deprotonation of surface hydroxyl groups. Thus, two different populations of metal ion adsorption sites are present on the kaolinite surface. The intensive interaction between kaolinite and contaminants is primarily controlled by the surface acid-base properties. Kaolinite has a low-cation exchange capacity (CEC) of the order of 3-15 mequiv./100 g and therefore it is not expected to be an ion exchanger of high order. The small number of exchange sites are located on the surface of kaolinite and it has no interlayer exchange sites. Nevertheless, the small CEC and the adsorption properties may play an effective role in scavenging inorganic and organic pollutants from water (Kounou et al. ) .
The abundance and availability of kaolin reserves as a raw material source and relatively low cost guarantee their continued utilization in the future and most of the world's reserves are found in Turkey. Generally, in Turkey, kaolinite is used for various special ceramic and refractory applications and in the paper industry for coating and filling. Other applications where kaolin clays have been used as functional additives are anti-corrosion paints, moisture cured systems, and automotive electrodeposition primers. In addition, surface-treated, fine-grained kaolin demonstrated better chip resistance than mica, talc, and barite in an intermediate coating (Adeyemo et al. ) .
To understand the characteristics and composition of the solid surface, the surface characterization tools are required. Many techniques such as, X-ray photoelectron spectroscopy (XPS), zeta potential measurements, microcalorimetry, titration, contact angle and inverse gas chromatography (IGC) have been used to obtain detailed information on solid surfaces. IGC has frequently been applied for surface characterization of solids, in particular, for their thermodynamic behavior, surface energy and their Lewis acidic-basic character. Knowledge of the surface free energy at a given temperature and surface enthalpy of a solid has recently allowed significant progress in the fields of adsorption, wettability, catalysis, friction, and adhesion. The surface energy can be obtained by liquid adsorption measurements, flow microcalorimetry or contact angle measurements, but these methods are not easily and widely applicable and are difficult to use for fine-powder solids. IGC method is based on the study of physical adsorption of appropriate molecular probes by means of chromatographic (dynamic) experiments. In contrast to static methods, dynamic systems utilize a flowing gas system. The most common flow methods are IGC, gravimetric instruments, and permeability measurement systems. The principle of dynamic gravimetric systems is the measurement of the amount of solute adsorbed from a flowing gas stream using a microbalance. In comparison to static sorption equipment, the main benefits of the dynamic sorption technique are shorter measurement time and a wider range of experimental possibilities. Compared to other techniques (static measurements), IGC has attracted a lot of attention because of its simplicity and the rich information provided (Mohammadi-Jam & Waters ).
The merit of IGC in comparison to classical volumetric and gravimetric methods is that IGC experiments are able to be conducted over a wide range of temperatures (Sen ) . A comprehensive comparison of IGC and other techniques of characterizing energetics of 'real solid surfaces' indicated that IGC is a fast, efficient, and accurate methodology which can function at both low and high pressures of solute vapour (Charmas & Leboda ) . IGC is a versatile, powerful, sensitive and relatively fast technique for characterizing the physicochemical properties of materials. Due to its applicability in determining surface properties of solids in any form such as films, fibers and powders of both crystalline and amorphous structures, IGC became a popular technique for surface characterization, used extensively soon after its development. The properties that can be determined using the IGC technique include enthalpy and entropy of sorption, surface energy (dispersive and specific components), work of adhesion/co-adhesion, miscibility and solubility parameters, surface heterogeneity, glass transition temperature, and Lewis acid-base parameters. One of the greatest advantages of this method is that no special sample preparation is required. In fact, IGC requires the minimum sample preparation when compared to other surface energy analyzing techniques (Stapley et al. ) . Therefore, various forms of solids and even semi-solids can be characterized quickly and efficiently.
IGC is a dynamic sorption technique. Unlike conventional gas chromatography, IGC focuses primarily on the solid material which is filled inside the column in the form of a powder, fiber or film, and non-volatile compounds are also injected into the column. The surface characteristics of various types of clay, such as illite ( They found a relationship between the parameters obtained from IGC and chemical characteristics, surface area and porosity. This technique was confirmed to be a useful method to study the surface of layered minerals since it complemented conventional characterization analyses.
One of the most commonly measured parameters for the description of the energy situation on the surface of a solid is the surface energy. The surface energy can affect, for example, catalytic activity or the strength of particle-particle interaction. Due to the important role of surface energy in physicochemical interactions, surface energy measurement has attracted the attention of material and surface researchers. Determining the surface energy of liquids (surface tension) is straightforward. It is based on measuring the energy a surface requires to increase its area by one unit. However, the same techniques are not effective for solids due to their resistance against deformation. Contact angle measurement is one of the most widely utilized methods for determining surface energy of solids. However, results for powders are difficult to obtain compared to those of smooth, flat surfaces due to surface roughness, porosity and irregular shapes. A comprehensive review by Buckton () discussed the limitations of various methods for measuring the contact angle for powders.
The acid or basic properties of solid surfaces are interesting aspects of surface structure, and important in the fields of ion exchange and heterogeneous catalysis. Acid/base catalyzed reactions belong to the technologically most important classes of heterogeneous catalytic conversions. A variety of physicochemical techniques have been developed for the characterization of type, strength and numbers of acid sites on solid catalysts. One of the oldest techniques for measuring acidity is based on a proposal by Hammett, for ordering strengths of solid acids on the basis of amine titrations. Other physicochemical techniques used to characterize surface acidity and basicity include the adsorption of pyridine combined with spectroscopic measurements (IR), calorimetric, gravimetric or thermal desorption measurements and IGC with the adsorption of some non-polar and polar adsorbates on solid. Hammett's, method gives the total amounts of acids, and is rarely applied to colored or dark samples where the usual color change is difficult to observe. IGC is an extremely sensitive and convenient way to evaluate the Lewis acidity (electron acceptor) and Lewis basicity (electron donor). One of the advantages of IGC in investigating acid-base properties of materials is the possibility of studying the variations related to surface group orientations (Thielmann ; Bilgiç et al. ) .
In the present study, IGC method was applied at infinite dilution to the investigation of surface properties of kaolinite. The objectives of this study were (a) to calculate basic thermodynamic parameters of adsorption, (b) to estimate the dispersive (London) component of the surface energy, (c) to determine the degree of acidity/basicity of the kaolinite surface and (d) to demonstrate that the IGC method provides a convenient way to evaluate surface properties of clay minerals.
MATERIALS AND METHODS

Materials
The kaolinite sample was obtained from Güzelyurt (Aksaray, Turkey). The CEC of kaolinite was determined as 13 mequiv./100 g by the ammonium acetate method. The chemical composition of this clay obtained by X-ray florescence is 53.00% SiO 2 , 26.71% Al 2 O 3 , 0.62% Na 2 O, 0.37% Fe 2 O 3 , 0.57% CaO, 1.39% K 2 O, 0.28% MgO and 17.20% loss on ignition (Alkan et al. ) . For the IGC analysis, the polar probes used were n-hexane, n-heptane, n-octane, n-nonane. The polar probes used were tetrahydrofuran (THF), acetone, diethylether (DEE), trichloromethane (TCM), and ethyl acetate (Et. Ac.). All of these chemicals were analytical reagent grade and used without further purification. Properties were taken from literature of the probes (Cordeiro et al. ) . These probes are commonly used for solid surface characterizations by IGC method.
The chromatographic experiments were performed with an Agilent 7890 gas chromatograph equipped with a flame ionization detector. A vacuum pump was used for packing the solids into the columns. High purity nitrogen was used as the carrier gas with a flow rate of about 40 mL/min. The flow rate of carrier gas was corrected for pressure drop and temperature change in the column using the James-Martin gas compressibility factor. A stainless steel column (2.00 m long, 5.35 mm I.D.) previously washed with methanol and acetone was packed with kaolinite powders. The column was stabilized overnight in a stream of nitrogen at 260 C. The dead volumes of the columns were determined by injecting methane. At least three replicate determinations were used in averaging the net retention volume.
Calculations IGC experiments can be conducted under two chromatographic conditions: infinite dilution and finite concentration. Infinite dilution, also called zero surface coverage, was found to be suitable for evaluating the surface energy and heat of sorption of particulates. Infinite dilution refers to very low concentrations of probe and is obtained by introducing a very small quantity of the probe molecule into the system. Since the amount of probe molecule or adsorbate is limited, it is assumed that interactions occur only with the high-energy sites on the surface and therefore interactions with the lower energy sites are negligible. This mode has the benefit of high sensitivity, which makes it an excellent method for determining thermodynamic parameters (Voelkel ; Mukhopadhyay & Schreiber ) , and most of the IGC experiments are carried out under this condition. In ideal conditions, no probe-probe interactions are considered and Henry's Law is obeyed. Hence, a linear adsorption isotherm and a symmetrical (Gaussian) chromatographic peak are expected (Thielmann & Baumgarten ) . A chromatographic diagram of symmetrical peaks for interaction of alkanes with the stationary phase is generated. The measured parameter in this method is net retention time and it has been successfully used to determine the dispersive components of surface free energy, the acid-base properties of surfaces. The basic value in IGC is the net retention volume. The net retention volume is the volume of carrier gas required to elute a given probe. The net retention volume (V N ) is calculated using the following equation:
where t R is the probe retention time, t m is the retention time of the mobile phase (holdup time, dead-time), determined by methane, F a is volumetric flow rate measured at column outlet and at ambient temperature, T a is ambient temperature (K), T is the column temperature (K) and j is the James-Martin gas compressibility correction factor. When adsorption takes place in the Henry's law region, the standard free energy of adsorption (ΔG 0 ), as a function of V N , can be determined from:
where R is the ideal gas constant, m is the mass of adsorbent in the column, S is the specific surface area of adsorbent, P 0 is the adsorbate vapor pressure in the gaseous standard state having a value of 101.3 kN/m 2 (1 atm) and π 0 is the reference two-dimensional surface pressure whose standard state is arbitrary. The standard reference state was taken as π 0 ¼ 0.338 mJ/m 2 proposed by de Boer (Ho & Heng ) . Therefore, ΔG 0 can be written as:
where C is a constant. At zero surface coverage ΔH 0 is the differential heat of adsorption of the probe and it is estimated from the changes in V N with temperature, i.e.:
The standard entropy change of adsorption of the probe at zero coverage, ΔS 0 , can be calculated by the following equation:
Provided that ΔH 0 is temperature independent in the investigated temperature range, Equation (5) 
There are various methods for calculating the dispersive component of the surface free energy using IGC, but two of these are the most widely used. These are the Dorris-Gray and Schultz methods. In both these methods, when calculating γ d S , a homologue alkane series in extremely small concentrations (infinite dilution) and in isothermal conditions is injected into the column in sequence. A single numerical γ d S value is calculated from the acquired alkane series retention time data at studied column temperature (Arsalan et al. ) . The calculation of γ d S according to the Schultz method, using infinite dilution measurements, is done using the following equation (Shi et al. ) .
where V N is the net retention volume of the n-alkane probe, R is the gas constant, T is the absolute column temperature (K), a is the molecular surface area coated with a kind of adsorbed alkane, and N is Avogadro's number. In this equation, γ d S is the dispersive component of the surface free energy of the solid phase, and γ d L is the dispersive component of the surface free energy of the probe. The plot of (RT ln V N ) versus a:(γ d L ) 1=2 can be useful. Such a plot is linear and the slope of the lines gives dispersive free energy of the solid phase. The values of a:(γ d L ) 1=2 are necessary for the calculations and can be easily found in the literature. The free energy of adsorption (ΔG 0 ) for any probe is composed of the dispersive (ΔG d ) and the specific (ΔG sp ) components (Das & Stewart ):
The ΔG sp is related to the solid phase's ability to act as an acceptor or donor of electrons. For alkane probes, because there are no polar interactions, ΔG sp is equal to zero. Thus ΔG 0 is composed of only the dispersive component.
To evaluate the ΔG sp , RT ln (V N ) for each probe (including the alkanes) is plotted against a:(γ d L ) 1=2 . This plot gives a straight line for alkane series, which is used as the reference line. The vertical distance between the n-alkane line and the point where the polar probe is gives the ÀΔG sp value of that polar probe. In Equation (9), V N is the net retention volume of the polar probe, while V Nref is the hypothetical net retention volume in the n-alkane line (Gamble et al. ; Kumar et al. ) . According to the following equation, specific components of the adsorption enthalpy (ΔH sp ) and entropy (ΔS sp ) can be determined from ΔG sp 's relationship with the temperature:
A plot of ΔG sp =T versus 1/T should yield a straight line with slope ΔH sp and intercept ΔS sp . The acidic-basic parameters can be obtained from the calculated ΔH sp values using the following equation (Lazarević et al. ) .
where K A and K D parameters define the analyte's acid and base constants respectively, AN* is the modified acceptor number of the adsorbed probe while DN is the donor number. The K A and K D values can be calculated with the aid of probes which have acidic, basic and amphoteric properties. According to the above equation, representing the ÀΔH sp =AN Ã versus DN=AN Ã , one gets K A as the slope and K D as the intercept (Ho & Heng ; Kumar et al. ).
Finally, a general definition of the nature of a solid surface can be obtained through the determination of the S C parameters known as K D /K A . According to the values obtained from these parameters, it is accepted that S C 0.9 means the surface is acidic, S C ! 1.1 means basic, and if it is between 0.9 and 1.1, the surface is amphoteric (Cordeiro et al. ) .
RESULTS AND DISCUSSION
The chromatographic peaks were symmetric and had maxima that were independent of the amount injected. It is assumed that the adsorption occurs in the Henry's law region (at zero surface coverage) where lateral interactions between the adsorbates at the surface can be neglected. The net retention volumes, V N , were obtained from the maxima of the chromatographic peaks and the dead-time volume. In this study, thermodynamic parameters for adsorption of polar probes on kaolinite were determined in the infinite dilution region. Changes in standard free energy of adsorption (ΔG 0 ) were calculated by Equation (2). Differential heats of adsorption (ΔH 0 ) were calculated from plots of lnV N against 1/T. The slopes of the lines are À(ΔH 0 =R) Â Ã according to Equation (4). Standard entropies of adsorption (ΔS 0 ) were calculated by Equation (5). Thermodynamic parameters (average values) are given in Table 1 . The values of ΔH 0 , ΔS 0 and ΔG 0 increase with increasing carbon number and the linear increase was obtained for the n-alkanes. This is due to the increase in the boiling points of n-alkanes and to the stronger interaction between the solute and adsorbent surface. The more negative the heat of adsorption, the greater the interaction between the adsorbate and the adsorbents. The ÀΔH 0 values of polar probes increase in the following order: TCM ˂ acetone < Et. Ac. ˂ DEE ˂ THF.
The ΔH 0 values of n-alkanes for kaolinite are compared with previous studies for different kaolinite types in Table 2 . As can be seen from this table, the ΔH 0 measurement results obtained by this study are not in agreement with the results obtained by previously published data. It is seen from this table that the adsorption strength for n-alkanes on kaolinite were higher than those in the literature. Diaz et al. () showed that the adsorption enthalpy of n-alkanes increases with the increase in the acidity of adsorbent. In this study kaolinite, has higher ΔH 0 values, because it has a more basic character than the others. One of the most interesting and commonly used applications of IGC is in measuring the surface free energy. Regarding the principles of IGC measurements, the fundamental data obtained from this method is either retention time or retention volume. The retention data refer to the required time and carrier gas volume, respectively, to generate a peak as a result of interactions between the probe molecule and the stationary phase. Various characteristics of a material can be calculated by analyzing the nature and magnitude of these interactions. The surfaces of solids are described by dispersive and specific (non-dispersive) properties. Dispersive properties are obtained by calculating dispersive components of surface free energy. Specific properties are determined by the parameters which measure surface tendency to be an electron acceptor or electron donor to show Lewis acidity or Lewis basicity properties, respectively. The sum of the dispersive and specific components represents the total solid surface energy (Voelkel et al. ) . The surface energy of a solid has been defined by the sum of the dispersive component and polar component of the surface energies. Thereafter, acid-base (acceptor-donor) contributions were found to be a more robust term for describing the non-dispersive component. One of the most commonly applied methods for determining the dispersive component of the surface energy was proposed by Schultz and colleagues (Schultz et al. ; Schultz & Lavielle ) .
The dispersive component of the surface free energy, γ d S , was determined by injection of a homologous series of n-alkanes having between six and nine carbon atoms. One of the most commonly measured parameters for the description of the energy situation on the surface of a solid is the surface energy. The surface energy can affect, for example, catalytic activity or the strength of particle-particle interaction. The dispersive components of kaolinite at experimental temperatures were calculated from Equation (7) ( Figure 1) . The variation of γ d S as a function of temperature was calculated. It was observed that γ d S values decrease with temperature. The obtained γ d S values for kaolinite were compared to the corresponding values of different clay types reported by various authors and listed in Table 3 .
A comprehensive insight into the Lewis acid-base surface interactions provides a better understanding of the influence of the catalytic and sorption capabilities of kaolinite, as well as their ability to change via chemical modifications, which is of great importance for their applications. The application of the Schultz method to our experimental results (Figures 1 and 2) gave us the value of ΔG sp . The variation of free energy of specific interactions, ΔG sp for polar probes of kaolinite for different temperatures is given in Table 4 . The average ÀΔG sp values of polar probes for kaolinite were in the following order: DEE < TCM < THF < Et. Ac < acetone.
One of the advantages of IGC in investigating acid-base properties of materials is the possibility of studying the variations related to surface group orientations (Thielmann ) . Different methods are applied to describe the acidic or basic behavior of a solid. The most commonly applied approach for calculating acid-base contribution of surface energy is the Gutmann concept (or procedure) (Thielmann ; Voelkel ) . In the Gutmann concept, acceptor numbers (AN) and donor numbers (DN) represent the ability of having Lewis acidity (electron acceptor) and Lewis basicity (electron donor) specification, respectively.
The values of K A and K D were calculated using Equation (11). Representing ÀΔH sp =AN Ã versus DN=AN Ã , one gets K A as the slope and K D as the intercept (Figure 2) . The values of K A and K D for kaolinite were found to be 0.1 and 0.47 with the correlation coefficient of 0.9256. The overall acid-base character of kaolinite can be evaluated from K D =K A ratio. According to the values obtained for K A and K D , the surface of kaolinite exhibits largely basic character with the ratio of K D =K A ¼ 5.51.
Kaolinite is an important industrial clay, extensively used as a filler in the polymer industry. Commercial calcined kaolin surfaces, before and after modification with an aminosilane coupling agent, have been analyzed by IGC (Price & Ansari , ) . In these studies, changes in surface free energetics of kaolinite due to calcination and coating with a coupling agent (aminopropyl triethoxysilane) were studied. Additionally, dispersive components of the surface free energy of illites and kaolinites from different sources were studied at different temperatures using infinite dilution IGC (Saada et al. ) . In this work, surface properties of illites and kaolinites from different formation conditions were compared. IGC was capable of differentiating not only illites from kaolinites, but also the species of a given family regarding their origin achieved by analyzing a limited number of samples. Saada et al. shows a basic character with a ratio of K D /K A ¼ 2.332, for 200-230 C temperature range. In the present study, the kaolinite sample (53.00% SiO 2 , 26.71% Al 2 O 3 ) was obtained from Turkey (Aksaray, Güzelyurt) and studied at the same temperature. But the surface of kaolinite exhibits a largely basic character with the ratio of K D /K A ¼ 5.51, at the same temperature (200-230 C) . This situation may be explained by the differences of silanol and aluminol groups on the kaolinite surface.
CONCLUSION
Clay minerals are attractive compounds for many industrial applications, and as such have been characterized by IGC.
To understand the characteristics of the clay surface, XPS, zeta potential measurements, microcalorimetry, titration, contact angle and IGC techniques have been used. Compared to other techniques (static measurements), IGC (dynamic) has attracted a lot of attention because of its simplicity and the rich information it provides. Dynamic measurements give less accurate results when compared with static methods because they rely on measuring a small difference between quantities at different temperatures. However, for heats at zero coverage, infinite dilution gas chromatography is a more reliable method because it requires no extrapolation of data over a region where the heat can be very sensitive to small changes in coverage. IGC as an independent field of study has certainly proven beneficial to many industries. Despite a long history and several hundred publications in the last 50 years, it is still evolving and considered a modern technique that is quite attractive to chemical engineers, analytical chemists and material scientists in various fields. Results of a large quantity of research experiments on a wide range of materials have evidenced that IGC is successfully applied for characterizing different surface and bulk properties of solids in different shapes and morphologies. One of the greatest advantages of this method is that no special sample preparation is required. In fact, IGC requires the minimum sample preparation when compared to other surface energy analyzing techniques. Therefore, various forms of solids and even semi-solids can be characterized quickly and efficiently. In this study, the adsorption strength of n-alkanes on kaolinite is higher than that on layered clays. The adsorption enthalpy of n-alkanes increases with the increasing acidity of clays. But in this study kaolinite has a basic character and it has higher ΔH 0 values than in other studies. The adsorption of polar probes on kaolinite is dependent on polarity and bulkiness of molecules. Kaolinite has higher γ d S value than layered clays. The high value of γ d S probably was related to structural heterogeneities on the lateral surfaces, as well as to the channels and pores present at 200-230 C. The values of K A and K D indicated that the kaolinite surface is basic. There is a relationship between the parameters obtained from IGC and chemical characteristics, surface area, and porosity of clay minerals.
